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Abstract 
Doping of nitrogen and boron titanium dioxide (Ti02) and their subsequent 
modifications were studied. Nitrogen was introduced into the system through the 
addition of urea by a sol-gel preparation process. The photocatalytic degradation of 
an azo dye—Mordant Yellow 10 and 4-chlorophenol were employed to evaluate its 
visible light photocatalytic activity. It was found that the use of urea as N source not 
only introduced nitrogen species into TiOa, which enabled visible light activity of 
Ti02, but also increased its surface area. Based on characterization results of FT-IR, 
Raman spectra and XPS, we believed that Ti02-xNx was formed in this synthesis. 
The increase in surface area was attributed to the pore directing ability, Ti-O-C bond 
formation and liberation of NH3 originated from the presence of urea. Moreover, 
urea was found to promote adsorbed hydroxyl groups on the Ti02 surface. 
Boron was introduced into Ti02 through the use of boric acid. Boron-doped 
Ti02 exhibited an enhanced photocatalytic activity for the degradation of methylene 
blue under UV irradiation. XRD, FT-IR and XPS results revealed that boron was 
interstitially doped into TiO: lattice as B^^. Boron doping increased the surface area 
and induced the formation of nanopores by prohibiting TiO? grain growth. Quantum 
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1.1 Titanium Dioxide (TiOj) Photocatalysis 
The term Photocatalysis consists of 'photochemistry' and 'catalysis' and it 
implies both light and catalysts are essential to drive and accelerate a chemical 
reaction. lUPAC Commissions defines 'Photocatalysis' as 'A catalytic reaction 
I 2 
involving light absorption by a catalyst or substrate'. ’ Among various types of 
photocatalysts available, the most widely studied is semiconductor based 
heterogeneous photocatalysts. Semiconductors such as TiO?, ZnO, CdS and FesO; 
can act as sensitizers for light-induced redox reactions originating from their 
electronic structures that they are composed of a electrons filled valence band and an 
empty conduction band. And among different types of semiconductor photocatalysts, 
titanium dioxide, TiOi has always been the focus of investigations. The vast attention 
drawn by Ti02 began since 1972，when Fujishima and Honda achieved ultraviolet 
light-induced water cleavage using a titanium dioxide photoanode in combination 
with a platinum counter electrode soaked in an electrolyte aqueous solution? Apart 
from environmental purification, TiO: is also studied for its solar energy conversion, 
hydrophilicity and bactericidal properties. 
1.1.1 Mechanism ofTiOz Photocatalysis 
A typical schematic diagram illustrating the mechanism of TiO? photocatalysis 
is shown in Figure 1.1. TiO: in the anatase crystal form has a band gap of 3.2 eV. 
Upon excitation by photon with wavelength shorter than 387.5 nm, the photon 
1 
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energy excites electrons from the valence band (VB) to the conduction band (CB) of 
the Ti02, leaving positive holes in the valence band. These photo-generated electrons 
and holes can then initiate a chain of redox reactions with chemical species (electron 
donors or electron acceptors) adsorbed on the surface or interface of photocatalyst. 
Or in another way, they may recombine to give no net chemical reaction but dissipate 
input energy as heat/ 
ITV light (< 387.5nm) 
e - / H + 7 / 产 
H2O2 , _ 1/ OH/OH 
X+ijy ii" / \ 
” ^ O H 
OH ^ ^ ~ ^ ^ 
TiO^ 
Figure 1.1. Schematic illustration of TiO? photocatalysis mechanism. 
Electron and hole scavengers are important in the photodegradation process as 
they can prevent the recombination of electrons and holes so to the mineralization of 
the organics. When suitable electron or hole scavengers are absent, the 
photo-generated charge carriers get recombined in a few nanoseconds to release the 
energy. When suitable charge carrier scavengers or surface defect sites are present, 
they will trap the photo-excited electrons and holes and prevent the recombination, 
then subsequent oxidation-reduction reactions follow. Given that valence band holes 
are powerful oxidants and conduction band electrons are powerful reductants, their 
2 
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generation is responsible for the photodegradation of organics directly or indirectly. 
The photocatalytic process mechanisms were proposed.^"^ It generally involves 
a series of reactions primarily arise from the generation of photo-excited electrons 
and holes. 
Ti02 + //V -> hvB+ + CCB" 
Soon after bandgap excitation, the electrons are trapped at surface resulting in 
the formation of Ti3+ center. 
Ti4+ + ecB" — Ti3+ 
Adsorbed oxygen on Ti02 surface participates in the formation of an 
intermediate species and it acts as an electron scavenger. The electron can be 
transferred from Ti^ ^ to oxygen to form O2" anion radical as indicated in Figure 1.1. 
O2 + Ccb" O2" 
O2" anion radical undergoes reaction to form H2O2 and in the presence of 
oxygen it becomes a highly oxidizing species, namely hydroxyl radical • OH. 
O2" + 2H+ + H2O2 
H2O2 + O2 ^ • OH + OH• + O2 
On the other hand, the surface adsorbed water (H2O and OH") traps the valence 
band hole to form • OH. 
Ti4+ - - Ti4+ OH2 + hvB+ — {Ti4+ - 02- - • + H+ 
Ti4+- 02-- Ti4+0H-+ hvB+ {Ti4+- 02-- Ti4+}-0H • 
But during the above reactions interval, recombination of electrons and holes 
also happen. 
hvB+ + CCB" -> Ti02 
As mentioned above, the trapping of holes and electrons produce a strong 
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oxidant, hydroxyl radicals. According to oxidation potentials, the oxidative power 
of • OH is much higher than hydrogen peroxide and ozone. It is also relatively 
nonselective. It combines to the carbon in organic species and attacks aromatic rings, 
double bonds and tearing away the hydrogen molecules. In most cases the organics 
can be broken down into harmless carbon dioxide (CO2) and water (H2O). 
Though • OH is so powerful, its existence is only transient. Nanosecond time range 
is remarkable for photoexcited charge carriers to transfer to surface for 
photocatalyzed redox reactions and electron-hole pair recombination. There is always 
a competition between these two reactions. Hence preventing electron-hole 
recombination and increasing the charge carriers scavengers to produce • OH are very 
important to maintain the photochemical reactions and photodegradation of organic 
compounds. 
Besides the strong oxidizing power of the hydroxyl radicals, the moderate 
bandgap energy, high efficiency, nontoxicity, low cost, chemical inertness and 
photostability of TiO� make it a superior and promising photocatalyst compared to 
O I 八 ^^  
other types of semiconductors. • Thus, effective utilization of TiO: makes it an 
ideal and promising solution for large-scale pollutants treatment substituting the 
conventional treatment methods. 
1.2 TiOz Visible Light Photocatalyst 
Ti02 exhibit satisfactory performance for remediation of environmental 
contamination such as VOCs, water pollutants under UV illumination. However, it is 
not an ideal semiconductor for utilizing solar energy. Because of its large bandgap 
which corresponds to 380 nm in photon wavelength, Ti02 itself cannot be initiated 
by visible light. Therefore, it can only make use of about 3-4% of solar radiation that 
4 
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reaches the earth. This limits its utilization with renewable solar energy. Hence 
widespread industrial scale applications have not been achieved. As a solution for 
addressing such spectral mismatch, photocatalytic systems, which can operate 
effectively not only under UV, but also under the most environmentally ideal energy 
source, sunlight, must be developed. Therefore, effective utilization of solar energy 
like photosynthesis of plants is the center of focus for researchers nowadays. 
1.2.1 Preparation of Visible light TiOi Photocatalyst 
1.2.1.1 Dye Sensitization 
A great deal of work has been done on the photosensitization of Ti02 based on 
colored organic and inorganic compounds.""'^ It is a simple and interesting approach 
to extend the absorption of photocatalyst to visible region. The mechanism involved 
is simple. Briefly，the dye absorbs visible light to reach an excited state. Upon 
excitation, the dye in excited state has a lower redox potential than the corresponding 
ground state. Provided that the redox potential of excited state is lower than the 
conduction band of Ti02, the energy difference between the redox potential of the 
excited state and the conduction band can act as the driving force for the electron to 
be injected from the dye molecule to into the conduction band. Subsequently, 
conduction band electrons and oxidizing radicals are formed and induce the 
photodegradation of pollutants. Oxidants such as H2O2, O 2 " / HO2 ‘ and • OH 
radicals are formed and presumed to be responsible for the degradation process.'^ 
The photodegradation pathway for the dye pollutants under visible light irradiation is 
different from UV light irradiation. For visible light irradiation, the process involves 
the initial excitation of dyes molecules, while Ti02 is excited in UV light irradiation. 
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1.2.1.2 Metal Doping 
Impurity doping is one of the typical approaches to shift the optical response of 
Ti02 to visible light region. Various transition metal cationic doping have been 
extensively investigated for their visible light response. This approach can introduce 
interior electron states between semiconductor gap, which probably can reduce the 
initial large bandgap. Lettmann et al. studied a variety of metal dopants on visible 
light photoactivity ofTi02.'^ Many metals ions such as R u ^ Fe,^^ C u ? N i ? 
and Cr26 have been doped and studied by other groups. However, not all materials 
capable of absorbing visible light exhibit photocatalytic activity under visible light 
irradiation. Except for a few c a s e s , i t is found that mostly the photocatalytic 
activity cannot sustain and some even decrease in the UV region.^^ It is mainly due 
to the presence of recombination centers for the charge carriers introduced by the 
dopants' localized d-states deep in the bandgap of Ti02, or Ti02 itself suffers thermal 
instability after doping.^® 
1.2.1.3 Coupling of Semiconductors 
Recently, attempts have been made to couple small bandgap semiconductors 
with Ti02 to photosensitize TiO� in visible light. Semiconductors such as CdS/^'^^ 
CdSe’34’35 nanosized M0S2 and have been used to initiate the visible light 
activity of Ti02. Semiconductors should fulfill two requirements in order to 
effectively shift the absorption of Ti02 in visible light region.^^ Firstly, the bandgap 
value of them should be around that for the optimum utilization of solar energy. 
Secondly, the conduction band minimum of the semiconductor should be higher than 
that of Ti02 so the electrons can be injected into TiO?. When a semiconductor is 
coupled to Ti02, the electrons from the valence band of small bandgap 
semiconductor are excited to conduction band and subsequently the electrons are 
6 
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injected into Ti02 under visible light irradiation. Besides extending the absorption to 
visible light, there is also another advantage of semiconductor coupling. The 
photocatalytic action of a semiconductor system is based on the generation of 
electron-hole pairs. In order to achieve a high photocatalytic activity, the 
recombination of the charge carriers must be kept low. The coupling of 
semiconductors results in the transfer of photo-generated electrons and holes from 
one semiconductor to another. This gives rise to charge separation and a decrease in 
the pair recombination. Hence an increase of the electron-hole pair lifetime can be 
attained.37-4° As a result, the availability of charge carriers from the photocatalyst 
increases and an improvement in the photocatalytic activity is expected. Though 
semiconductor coupling is an effective method to photosensitize Ti02 under visible 
light, unfortunately, only very few semiconductors can fulfill the above two 
requirements so wide applications are limited. 
1.2.1.4 Nonmetal Doping 
Doping with nonmetal atoms has been determined to be more effective than 
transition metal doping. In 2001, Asahi et al. reported the nitrogen-doped TiO� 
powders and films and estimated their effects for the first time.^i The nitrogen-doped 
Ti02 displayed visible light activity in both photocatalytic degradation and 
super-hydrophilicity. Based on theoretical calculations about the state density, they 
discovered that nitrogen atoms can substitute for the lattice oxygen sites and 
narrowed the band gap by mixing of the N2p and 02p states. The nonmetal dopants 
can form intra-bandgap states, which overlap sufficiently with the edge of energy 
band of TiO:，so visible light absorption could be induced with a minimized role in 
recombination centers. There are growing numbers of publications documenting the 
beneficial influence of the substitution for oxygen in Ti02 by nonmetals such as 
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nitrogen, carbon, sulfur and boron in extending the activity of photocatalysts into the 
visible range."^ '^^ ' Among nonmetal elements, nitrogen has been extensively studied 
in the past few years. A variety of nitrogen-doped Ti02 p o w d e r s , f i l m s ^ ' ^ and 
nanopartides44’55 have been synthesized and their photoactivity and photochemical 
properties have been investigated. And recently, carbon-doped Ti02 are receiving 
CiT cn 
more attention and more studies are focused on it. ‘ Although a great breakthrough 
was initiated by Asahi et al. and a new window was opened by them for the visible 
light activated TiOa/i the fundamental mechanisms are not well understood. 
1.3 Enhanced TiO: Photocatalytic Activity under UV Light 
Although there is a strong demand to extend the photocatalytic activity of Ti02 
into the visible light region, the performance of TiO: under UV light cannot be 
ignored. It is found that the fast recombination of photo-generated electron-hole pairs 
inhibits the commercialization of Ti02 even in the presence of charge carrier 
scavengers such as surface adsorbed oxygen and water. An effective photocatalyst 
that is able to perform well under UV light is essential as it can provide a base for 
visible light driven reactions. The activity of visible light activated TiO? is still 
limited and far behind the requirement for practical applications. Therefore, it is 
desirable to enhance the UV light activity of TiO� that can fundamentally be brought 
into visible light system. 
1.3.1 Preparation ofTiO： Photocatalyst with Enhanced Activity in UV Light 
1.3.1.1 Loading of Metal 
The co-deposition of small amount of noble metals on the surface of Ti02 has 
been found useful for improving efficiency of photodegradation. Noble metals such 
as Ag,59-61 Pt62’63 ^nd Au64’65 havc been deposited on TiO� and the photocatalytic 
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activity was found to be remarkably enhanced. In addition, the noble metals are good 
catalysts themselves. The enhancement in photocatalytic reactivity such as loading of 
Pt has been explained in terms of a photoelectrochemical mechanism that the 
electrons of TiO: generated by UV irradiation are quickly transferred to Pt particles 
on Ti02 surface. Noble metal particles work by effectively promoting the charge 
separation of photo-excited electrons and holes, thus suppressing recombination rates 
and a marked photocatalytic improvement is resulted. Moreover, it was reported that 
small amount of Pt deposit on TiO: dramatically increased the rate of H2 evolution. It 
indicates that Pt can act as co-catalyst, i.e. site for H+ reduction by electron.^^ Many 
synthetic approaches have been developed to deposit noble metals on the surface of 
Ti02, such as physical blending, chemical precipitation, 
photochemical/photocatalytic reduction.^^"^^ Recently, much efforts were devoted to 
control the morphology, size and dispersion of the noble metals/^"^^ Nevertheless, 
the use of expensive noble metals inhibits the widespread application and large-scale 
productions of metal-loaded Ti02. 
1.3.1.2 Impurity Co-doping 
Doping of impurities has been one of the interesting areas of research. Yu et al. 
have prepared fluorine-doped TiO? which was found to be highly photoactive/^ 
Perera and Gillan have synthesized aluminum-doped Ti02 which showed stabilized 
photoactive anatase phase up to 1000。(^严 The co-doping approach is mainly used 
for visible light photocatalysts, taking advantage of one element can shift the optical 
response to longer wavelength while the other modifies structure or enhances 
activity.75，76 There are also some co-doping examples for UV light activated Ti02. 
For example, Luo et al. prepared bromine and chlorine co-doped Ti02 and by tuning 
the amount of HBr, different mixed phases could be obtained and shown an enhanced 
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photocatalytic activity for mixed anatase / rutile phases.77 
1.3.1.3 Morphological Control 
Different shapes and morphologies of Ti02 have been fabricated, such as 
nanorods，78，79 nanofibres，^。and nanotubes^' and nanoparticles.^^ Morphology plays 
an important role in the activity of a catalyst. Various methods have been applied to 
control the morphology of Ti02 powders and films, such as hydrothemial,^^ chemical 
vapor deposition，84 templating,^^ microwave method.^^ In many of the cases, such as 
nanotubes, the enhanced photocatalytic activities is attributed to an significant 
increased in surface area. Yang and Gao have prepared flower-like 
submicrometer-scaled TiO: aggregates assembled with nanorod structure and found 
that these nanorod structures possessed higher photocatalytic activity than those 
aggregated nanospheres^^ Peng and Chen synthesized aligned TiO: nanorods by 
oxidizing titanium in acetone and controlled the shape of final products by oxygen 
concentration, with the testing of wettability for different morphologies.^^ 
1.3.1.4 Increasing Surface Area 
One of the ways to enhance the photocatalytic activity of TiO� without great 
alteration of structure is to increase the surface area. Basically, the activity of TiO: 
should enhance correspondingly with surface area. It is because higher surface 
provides greater contacts to the substrates, allows more efficient transfer of 
photo-excited electrons and holes to the surface for redox reactions and reduces the 
rate of pair recombination as they are easily scavenged by surface adsorbed oxygen 
and bound water. Of the high surface area materials, porous materials are especially 
important because they help improve the accessibility in order to facilitate diffusion 
within the active network. Conventionally, there are numerous methods to promote 
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the surface area of metal oxides and other materials. Extremely high surface area 
materials can be prepared via supercritical drying. Supercritical drying prevents the 
collapse of pores by replacing the solvent in the supercritical state with COa.^^ 
Sonochemical techniques can also be applied to obtain high surface area materials 
g o _ _ 
with the use of high-intensity ultrasound irradiation. The more common method is 
the templating method. The nature of templates varies. For example, mesoporous 
silica such as MCM-48 and SBA-15 are always applied as templates to fabricate 
ordered mesoporous s t r u c t u r e . O r d e r e d mesoporous materials can be obtained 
through the evaporation induced self-assembly templating method, through the use of 
surfactants.91,92 Even micrometer-sized ice crystals can be used as a template to 
synthesize ordered macroporous sil ica? While Zhang et al. prepared mesoporous 
Ti02 with surface area as high as 162 m^/g in a simple chemical route without the 
application of surfactants or templates.94 
1.4 Summary 
This Chapter gives a brief introduction on the fundamental mechanisms and 
photocatalytic properties of Ti02 on photocatalytic cleanup. Some conventional 
methods to enhance its activity under UV light are discussed. Moreover, it also 
describes the visible light TiOi photocatalysis and different strategies for the 
preparation of visible light photocatalysts. 
11 
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1.5 Aim of This Research and its Significance 
In this work, nitrogen and boron are separately doped into Ti02 to investigate 
their change in photocatalytic activity. There are two purposes in this thesis work. 
Firstly, it is to extend the spectral response of Ti02 into visible light region by 
fabrication of a second-generation Ti02 photocatalysts. Utilizing solar energy for the 
environmental purification becomes the main future goal of scientists. New visible 
light Ti02 photocatalysts prepared by nonmetal doping opens up possibilities for the 
development of sunlight-induced photocatalysts. In this thesis, nitrogen doping of 
Ti02 with urea is studied in detail for its characterizations and mechanisms. 
The second aim is to prepare a high surface area TiO? with enhanced 
photocatalytic activity under irradiation of UV light. Photocatalysts that possess 
higher surface area is still the interest of scientists. It is because there is still limited 
research on the synthesis of high surface area Ti02 with a simple, cheap and safe 
method. In the second part of this thesis, boron doping of TiOz is investigated. The 
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Preparation of N-doped TiO! with Enhanced Surface Area: 
A Detailed Characterization and Mechanism 
2.1 Introduction 
Semiconductor-based photocatalysis is an emerging technology for pollution 
treatment. Among the semiconductor materials, TiO: is the most attractive because of 
its high efficiency, nontoxicity, low cost, chemical inertness and photostability.'"^ 
However, exploitation for widespread practical application using sunlight has not 
been achieved due to its wide bandgap (3.2 eV) which requires ultraviolet radiation 
(A < 380 nm) for excitation."^ Attempts have been made to shift the optical response 
of active Ti02 from the UV to the visible spectral region. Various noble and 
transition metals were doped into the Ti02 lattice to obtain visible light active 
photocatalysts.5,6 Many systems have been studied but very few of them gave 
satisfactory results. The main problems of these systems are that they suffer thermal 
instability, and a localized d-levels that serve as a recombination center for electrons 
and holes.7’8 Another approach was to form 丁广十 sites by introduction of oxygen 
vacancy into Visible light response of anion-doped TiO� was reported by 
Sato in 1986,'' and a real breakthrough was initiated by a recent work conducted by 
Asahi et al. in 2001.'^ They prepared Ti02-xNx films and reported the substitutional 
nitrogen doping that narrow the bandgap to induce visible light response. They found 
that the shifting optical response to a longer wavelength was due to the mixing of 
nitrogen 2p states with O 2p states above the valence band. Since then, different 
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preparation methods have been developed in literature for N-, S-, C-, P-, F-, I- and 
B-doped Ti02 photocatalyst,'^"^^ and various mechanisms were suggested for these 
systems. 
Many attempts have been made to produce and study N-doped Ti02. Asahi et al. 
prepared Ti02-xNx films and powders by sputtering Ti02 in a N2(40 %)/Ar gas 
mixture and by treating anatase powder in NH3(67 %)/Ar atmosphere at 6 0 0 � C for 
3 hours, respectively. 12 Kuroda et al. hydrolyzed titanium isopropoxide with an 
aqueous solution of ammonia in room temperature and then followed by calcination. 
21 Sano et al. complexed Ti4+ with a nitrogen-containing l igand? Yin et al. 
synthesized N-doped Ti02 by high-energy ball milling of P25 powder with 
hexamethylenetetramine.23 Burda et al. reacted triethylamine with TiO� nanoparticles 
at room temperature and obtained nitrogen concentration up to 8 
Mesoporous Ti02 has a high surface-to-volume ratio and offers more active 
sites for carrying out catalytic reactions.^" '^^ ^ Reports on simple preparation and 
characterization of mesoporous N-doped anatase TiO� are still limited. It may be due 
to the fact that high temperature post treatment of anatase to dope nitrogen into TiOa 
inevitably destroys the mesoporous framework. Moreover, the common way to 
fabricate mesoporous structure is through the use of surfactant. The application of 
nitrogen source and surfactant at the same time makes the process even more 
complicated, in which the presence of either may deteriorate the effect of the other. 
Consequently, the fabrication of mesoporous N-doped Ti02 is still a challenge. It is 
therefore a good idea to develop an alternative approach for nitrogen doping. Urea is 
commonly used as a homogeneous p r e c i p i t a n t , w i t h advantages of being 
economical and environmentally safe.^^ It is also a structure directing agent for 
mesopores formation^ ‘ and has been used for controlling the shape of Ti02 
structures.32 Therefore, it is an ideal candidate as a source for N doping. Reports have 
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been made to dope N into Ti02 using urea，33，34 but there is no detailed investigation 
on the surface area enhancement and the reaction mechanism. In this study, urea is 
used as both a source of nitrogen and a structure directing agent to synthesize 
mesoporous N-doped Ti02 by a simple sol-gel method. 
2.2 Experimental 
2.2.1 Materials and Catalyst Preparation 
Chemical reagents including urea (UNIVAR) and titanium tetraisopropoxide 
([TTIP], 98 %, ACROS) were used as received without further purification. 
The synthesis of nitrogen-doped TiO? was straightforward, simply by the sol-gel 
route. Different amount of urea were dissolved in 40 ml absolute ethanol and were 
stirred for 30 s. Then, 5.3 ml (0.018 mol) TTIP were added. The ratio of urea : TTIP 
and their corresponding given name is shown in Table 2.1. After stirring gently for a 
further 30 s, HCl (37 %) were added to the solutions and they were stirred overnight. 
The sols were allowed to dry at 5 0 � C for 3 h and were subsequently calcined at 400 
°C for 2 h. Pure Ti02 was also prepared without addition of urea. 
Table 2.1. Summary of Ratios of Urea to TTIP for Different Samples 







X-ray powder diffraction (XRD) patterns were recorded with a Bruker D8 
Advance X-ray diffractometer with Cu Ka irradiation (X = 1.5406 A). The 
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accelerating voltage and the applied current were 40 kV and 40 mA, respectively. 
The crystalline size was calculated from X-ray line broadening by using Scherrer 
equation = K XI p cos 6), where O is the crystal size in nm, X is the wavelength of 
X-ray irradiation (0.15406 nm), AT is a constant taken as 0.89, p is the peak width at 
half maximum height (FWHM), and 9 is the diffraction angle of the anatase (101) 
peak. 
Varian Gary IE UV-visible spectrophotometer equipped with a Labsphere 
diffuse reflectance accessory was used to collect the reflectance spectra of the 
samples over the range of 200 to 800 nm. Labsphere USRS-99-010 was used as the 
reflectance standard. 
The Brunauer-Emmett-Teller (BET) surface area ( S B E T ) and pore size 
distribution were determined at 77 K using Micromeritics ASAP 2010 system, after 
the samples were degassed at 160 °C for 6 h. 
Scanning electron microscopy (SEM) was carried out on a LEO 1450VP 
scanning microscope. The samples were coated with a layer of gold by sputtering for 
electron conduction prior to measurement. 
Crystallite shapes and microstructure were further observed using transmission 
electron microscopy (TEM). The samples were prepared by dispersing the powders 
in ethanol, and the dispersion was then dropped on carbon-copper grids. They were 
studied with CM-120 electron microscope (Philips, 120 kV). 
FT-IR spectra of the samples mixed with KBr were obtained on Nicolet Magna 
560 FT-IR spectrometer at a resolution of 4 cm"'. 
Raman spectra of the powder samples mounted on a glass slide were measured 
using Renishaw 1000 micro-Raman system. Objective of 50 times magnification 
were selected. The excitation source was an Argon ion laser operating at 514 nm with 
an output power of 20 mW. 
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Surface composition was performed by X-ray photoelectron spectroscopy (XPS) 
using a PHI Quantum 2000 XPS System with a monochromatic Al Ka source and a 
charge neutralizer. All the peaks are reference to adventitious carbon of 284.8 eV. 
Photoluminescence (PL) emission spectra of the samples were collected by 
firstly aligning the powdered sample on a quartz slide. Objective of 50 times 
magnification were selected, and the samples was illuminated with a 514 nm 
Argon-ion laser at ambient temperature. Then, the PL of the samples was collected 
with RM-1000 Micro Raman Spectrometer (Renishaw Co. Ltd.). 
2.2.3 Photocatalytic Activity Measurement 
The photocatalytic activity experiments were conducted by monitoring the 
degradation of an azo dye— Mordant Yellow 10 (MY). The activity was done in a 
100 ml reactor surrounded with water cooling system. A 300 W tungsten halogen 
lamp positioned inside a Pyrex vessel sandwiching circulating water cooling system 
was hanged on top of the 100 ml reaction container. A cutoff filter was placed outside 
the Pyrex jacket to filter off wavelength shorter than 400 nm. For a typical reaction 
setting, 0.08 g of photocatalyst was suspended in 80 ml solution of 60 ppm MY, and 
the mixture was magnetically stirred overnight in darkness for the establishment of 
an adsorption / desorption equilibrium. When the reaction was started, O2 was 
continuously bubbled into the solution throughout the experiment. At given 
irradiation time intervals, 3 ml of the suspension were collected and centrifuged. The 
MY supernatant was analyzed with Varian Gary 100 Scan UV-visible 
spectrophotometer monitored at 355 nm. 
Another photocatalytic activity experiment was done with the degradation of 
4-chlorophenol (2.5 x lO] M). The photocatalytic reaction system was the same as 
mentioned above. After centrifugation, the concentration of 4-chlorophenol from 
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supernatant was measured with a HPLC system (Waters Baseline 810 with a Waters 
486 tunable UV absorbance detector, and a Supelco LC-18-DB column). The mobile 
phase was a 65 : 35 methanol : water mixture, and the flow rate was 1 ml/min. The 
organic compounds were detected at 220 nni. 
2.3 Results and Discussion 
2.3.1 XRD Analysis 
Figure 2.1 shows the XRD pattern of all samples. Both pure and N-doped Ti02 
give pure anatase phase, which is known to be a more photoactive form of TiO� . The 
average crystalline sizes estimated from FWHM of the (101) XRD peak of anatase 
phase are listed in Table 2.2. The size of pure TiO� is 12 nm. For the remaining 
N-doped Ti02, they are roughly the same, ranging from 7 to 9 nm, which are about 
2/3 of the pure one. This indicates that urea can inhibit the growth of anatase grains. 
As the XRD conditions were the same for all samples and the XRD patterns were 
drawn on same scale, the approximation of XRD peak shapes indicates that urea does 
not cause a great alteration in crystallinity. 
Figure 2.2 and 2.3 gives a comparison between the pure and N-doped TiO� at 
different calcination temperatures. It is clearly shown that for pure TiO?， 
transformation to rutile phase appears as early as 6 0 0 � C , while for the N-doped one 
transformation does not occur even after 700 °C. For anatase-to-rutile (A-R) 
transformation, it requires the breakage of Ti-0 bonds.^^'^^ Thus, as the A-R 
transformation is retarded, that means the bond strength is stabilized. The 
stabilization is promoted by the substitution of N into O's place. This modification 
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Figure 2.1. XRD pattern of (a) Pure, (b) TN-1, (c) TN-2, (d) TN-3 and (e) 
TN-4. 
Table 2.2. Crystalline Size for Pure and Different N-doped TiOi 
Crystalline size of Sample FWHM anatase (nm) 
Pure 0.671 12.0 
TN-1 0.842 9.6 
TN-2 0.980 8.2 
TN-3 1.035 7.8 
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Figure 2.2. XRD pattern of N-doped TiOs calcined at (a) 400 (b) 500 (c) 
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Figure 2.3. XRD pattern of pure TiO� calcined at (a) 400 ^C, (b) 500 (c) 600 
OC and (d) 700 
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2.3.2 UV-Vis Absorption Spectroscopy and Bandgap Energies 
After calcination, all the powders except the pure Ti02 are yellow in color. The 
images of the powders are shown in Figure 2.4. This color change obtained upon 
nitrogen incorporation originating from urea addition suggests a shift of absorption 
into visible light region, as depicted in Figure 2.5. The onset in absorptions is sharply 
shifted to around 470 nm. It can be seen that there is no shoulder in the absorption 
spectra. This means that the N doping in this case does not shift the visible light 
response by formation of an isolated intra bandgap within TiO〗，but rather, a 
narrowing of the bandgap. This would be consistent to the theory raised by Asahi et 
al. that visible light response is caused by mixing of N 2p and O 2p states above the 
valence band. 
Figure 2.4. Photographical image of (a) N-doped and (b) pure TiOi. 
Because TiO: is an indirect-bandgap semiconductor, the bandgap energy can be 
determined by the plot of Kubelka-Munk functions ((X 乂“ against photon energy (hv). 
The intercept of the tangent to the plot gives a good approximation of the band gap 
energy. This drawing is shown in Figure 2.6. It shows that for the pure TiO〗，the 
bandgap is roughly about 3.1 eV, indicating that it is an UV light activated 
photocatalyst. For N-doped TiO:，it gives a bandgap energy of about 2.5 eV’ a 
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reduction of 0.6 eV from the pure one. This implies that the bandgap of N-doped 
samples are narrowed to become visible light activated. 
Pure 
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i i f c i TN-3 
f I P \ I—TN-4| 
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Figure 2.6. Plots of versus photon energy for Pure and N-doped TiO� . 
2.3.3 N2 Sorption Analysis 
The physicochemical properties of the samples are listed in Table 2.3. From the 
table, the addition of urea can enhance the surface area. Surface area correspondingly 
increases with the amount of urea. The addition already gives an increase in surface 
area about two times that of pure Ti02. The same thing occurs for pore volume, and 
the enhancement is even greater and more significant whilst the pore diameters are 
roughly the same except TN-1. This feature is the result of pore-directing ability of 
urea. 31 It is believed that the higher amount of pore formation accounts partly for the 
higher specific surface area of N-doped TiO?. The Barrett-Joyner-Halenda (BJH) 
pore size distributions and nitrogen adsorption-desorption isotherms for pure and 
different N-doped TiO: are shown in Figure 2.7 and 2.8. These two curves can 
provide an explanation for the result from Table 2.3 that a sudden drop in pore 
diameter occurs for TN-1 while the other samples remain about the same. From the 
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Figure 3.1. Schematic diagram of the setup of photocatalytic reactor. 
3.3 Results and Discussion 
3.3.1 XRD Analysis 
Figure 3.2 shows the XRD pattern of pure and B-doped Ti02. All samples give 
merely anatase phase, and no trace of rutile and brookite phase is found. As the 
XRD pattern is drawn on same scale for all samples, it is seen that the peaks are 
becoming blunter when more boron is doped. This result is opposite to the work of 
Jung et al. They reported that increasing the amount of boron intensified the 
sharpness of the peaks.24 Since their work was about BsOs-SiOs/TiO〗，it may hint 
that the form of boron we have doped may not be B2O3 so a different result is 
obtained. Average crystalline sizes are calculated with the Scherrer equation and 
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they are shown in Table 3.1. The samples show a reduction in particle size as more 
amount of B is doped, though the reduction is not a strong one. That means doping 
of boron can inhibit the growth of anatase grains and this inhibition is directly 
proportional to the amount of boron doped. This may imply that boron has a direct 
contact to the Ti02 lattice to retard the growth of grains. 
(e) 
A (d) 
f A (c) 
‘ A (b) 
八 ⑷ 
J 入...… .-A.. 
20 30 40 50 6 0 7 0 80 
2 theta (degree) 
Figure 3.2. XRD pattern of (a) 0 %, (b) 1 %, (c) 5 %, (d) 7.5 % and (e) 10 % 
B-doped Ti02. 
Table 3.1. Crystalline Size for Pure and Different B-doped TiOz 
sample (% B-doped) FWHM crystalline size (nm) 
0 0.699 11.5 
1 0.679 11.9 
5 0.755 10.7 
7.5 0.796 10.1 
10 0.923 8.7 
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A Study of the XRD patterns in Figure 3.2 reveals that the peaks shift to the left. 
This indicates that boron is successfully doped into the lattice of Ti02, instead of 
existing on the surface as oxide form or functionalized on the surface. Yet, we 
cannot tell whether some boron exist in other forms simply by XRD. Other 
characterization methods can be used to determine this, which will be discussed in 
later part. A clearer illustration of the shifting is shown in Figure 3.3, where it gives 
the (101) peak from 24.5 to 26.5。，which is the strongest and fingerprint diffraction 
peak for anatase phase of Ti02. Such a shifting means that atoms arranged in the 
lattice are larger in radii, which would make the diffraction happen in a smaller 
angle. 
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Figure 3.3. A detailed position of anatase (101) peak for (a) 0 %, (b) 1 %, (c) 5 
%, (d) 7.5 % and (e) 10 % B-doped TiOz. 
To determine the lattice parameters relating to the shifting of XRD peaks, the XRD 
diffraction peaks (101) and (200) in anatase are selected. The lattice parameters can 
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figures, all N-doped TiO: attain a mesoporous structure. The pore size distributions 
of the N-doped Ti02 are all narrower and more centralized compared to the pure one. 
The addition of urea can help induce a homogenous pore distribution. TN-1 has the 
narrowest pore size distribution. It has a sharp peak centering around 6 nm without 
tailing, meaning the pore size is very homogenous. For the other N-doped TiO〗，their 
peaks also centre around 6 nm. However, their size ranges become larger and tailing 
of curves are stronger, proportions of larger pores become more significant when 
more urea is added. This deduces that the larger average pore diameters shown in 
Table 2.3 for samples other than Pure and TN-1 are in fact balanced by the larger 
pores present. Such phenomenon may also be attributed to the specific arrangement 
of urea in the medium leading to larger pores formation. 
Table 2.3. Physicochemical Properties of Pure and N-doped TiOi 
total pore volume average pore 
sample S B E T (m^/g)'' (cmVg)'' diameter (nm)C 
Pure 70.5 0.13 7.01 
TN-1 129.4 0.18 5.67 
TN-2 171.7 0.36 7.65 
TN-3 173.8 0.36 7.49 
TN-4 184.7 0.43 8.70 
a BET surface area calculated from the linear part of the BET plot {P/Pq = 0.1-0.2). 
b Taken from the volume of N2 adsorbed at P/Pq = 0.995.�Estimated using the 
desorption branch of the isotherm and the Barrett-Joyner-Halenda (BJH) formula. 
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Figure 2.7. Barret-Joyner-Halenda (BJH) pore size distribution plots of Pure 
and N-doped Ti02. 
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Figure 2.8. N2 adsorption-desorption isotherms of Pure and N-doped Ti02. 
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Table 2.4 presents the comparison of surface area between pure and N-doped 
Ti02 at different calcination temperatures. When calcination temperature increases, 
both samples show a reduction in surface area because of the growth in the particle 
size. The comparison among two samples gives a difference at least two times in 
ratio, at which a more obvious difference is seen at higher calcinations temperature 
( 6 0 0 � C and 700 °C). This difference comes from the emergence of large sized 
rutile phase for pure sample in 600 °C and 700 °C as indicated in XRD previously 
and also the size controlling effect of urea for N-doped samples. 
Table 2.4. BET Surface Area of N-doped and Pure 
TiOi at Different Calcination Temperature 
sample calcination temperatures (。C) S B E T ( m ^ / G ) ^ 
400 171.7 




500 42.5 Pure 八 
600 10.1 
700 5.0 




2.3.4 SEM Analysis 
To study if urea addition to the system could affect the morphology of TiO〗，the 
samples were examined using SEM. Figure 2.9a, 2.9b and 2.9c shows the 
morphology for Pure, TN-1 and TN-2 respectively. All of them do not give specific 
shapes or microstructure. However, a significant alteration in surface morphology is 
resulted for N-doped Ti02. 
For pure Ti02, large aggregate of particles with relatively smooth surfaces are 
observed. Neither special morphology nor shape is found. While for TN-3, a 
relatively rougher surface is obtained. The surface seems to be formed by connection 
of incompletely grown tiny spherical particles. This change in morphology compared 
to the pure one is speculated. For TN-4, a different morphology is observed, as there 
are numerous pores present on the surfaces. The cause for the pores formation may 
also be attributed to the effect of urea via another mechanism. 
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Figure 2.9. SEM images of (a) Pure, (b) TN-1 and (c) TN-2. 
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2.3.5 TEM analysis 
Figure 2.10 shows the TEM images of TN-1 and TN-2. They show worm-like 
mesostructure. The particles generally have quite constant size, and they show a 
certain degree of ordered arrangement. It is the result of urea that promotes 
homogenous precipitation. Numerous and homogenous pores are found in both 
samples between aggregated particles. The distribution in TN-1 is more homogenous 
than TN-2, which is consistent with the results in pore size distribution. These 
numerous pores can provide a channel to facilitate the exchange of materials. The 
electron diffraction pattern (ED, inset) shows that both samples possess well 




Figure 2.10. TEM images and electron diffraction (inset) of (a) TN-1 and (b) 
TN-2. 
2.3.6 FT-IR Spectroscopy 
Figure 2.11 compares the IR transmittance of pure and N-doped TiO� samples. 
It provides a brief comparison of surface functional groups for different samples. 
There is no trace of any organic groups is present, which means that calcination at 
400 °C can remove all the hydrocarbons. The peak at 500 cm'' corresponds to 
Ti-O-Ti stretching mode.^^ No evidence for the surface amine-Ti"^^ complexes is 
found. Since the peaks for NO2, which mainly occur at 1500-1570 cm'' and 
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1300-1370 cm"' are not detected in the spectrum严 the sorption of NO2 on the TiOz 
surface due to the decomposition of urea is unlikely to happen. Chemisorbed NH3 
that should appear at 2850-2900 cm'' are not found.^^ Moreover, carbonate species 
which may come up in the decomposition of urea with peaks at 1726 and 798 cm"^  
are also not present.'^ ® The broad absorption band found at 3400 cm"' corresponds to 
a typical 0 - H stretch mode from physically adsorbed water." '^ As more urea is added, 
the peak at 3400 cm'' becomes more significant. While peak at 1650 cm"' comes 
from 0 - H bending mode.42’43 Same as 3400 cm'', the peaks at 1650 cm"' become 
more significant when amount of urea increases. It indicates that urea addition can 
benefit the photocatalytic activity of Ti02 by retaining more hydroxyl group on the 
surface of TiO� . The shoulder of the Ti-O-Ti peak is becoming stronger at 800 cm"' 
for N-doped samples compared to the pure one. This phenomenon manifests the 
metal-N coordination.44-46 Moreover, a shift on shoulder (onset) of absorption 
towards higher energy is observed from 1115 cm"' to 1141 cm"' for pure Ti02 and 
TN-1, respectively. The trend obtained is similar to Degussa P25 with amine 
treatment, as conducted by Chen et al.47 The reason for the shifting of Ti-O-Ti peak 
to higher energy may be due to the straining effect of nitrogen incorporation into the 
Ti02 lattice. As it causes a disturbance to the Ti02 lattice, it compresses the 
systematic Ti-0 bond. As a result, it induces a shift of the stretching frequency to 
higher e n e r g y . T h i s may imply that the bonding of Ti-0 becomes stronger as N 
replaces the O position, Ti-0 shares electrons to a higher degree. This is consistent to 
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Figure 2.11. FT-IR spectra of (a) Pure, (b) TN-1, (c) TN-2, (d) TN-3 and (e) 
TN-4. 
Figure 2.12a shows the FT-IR spectra for the as-prepared samples of TN-2 and 
Figure 2.12b (inset) gives partial spectrum of as-prepared pure Ti02. Typical peaks 
found at 3400 cm"' and 3330 cm"^  from Figure 2.12a can be assigned as 0-H bonding 
due to water and N-H bonding from urea, respectively. The peak at 1160 cm'^  
corresponds to C-N stretching mode originating from urea. A special peak is found at 
1025 cm'', which is absent in pure as-prepared Ti02 (Figure 2.12b) and pure urea. ^ __ 
This bonding, according to Cheng et al, is assigned to Ti-O-C bending mode. As 
this bonding is not found in pure Ti02, the carbon found in the bonding should be 
originated from urea. The Ti-O-C bond may arise from the interaction between the 
Ti-0 network and C=0 from urea.^^ This confirms the incorporation of urea into 
Ti-0 network and a systematic and stable linkage is present between urea and Ti-0. 
This special bonding results from the interaction of urea and Ti-0 network may 
account for the increase in surface area of TiO� . Another special bonding is found at 
57 
Chapter Three 
1560 cm"' in Figure 2.12a, partially masked by the large hydroxyl peak around 1650 
cm''. This absorption is also absent in pure Ti02 and pure urea. This peak can be 
attributed to Ti-NH2 peak"^ ^ arising from the interaction between Ti and N from urea. 
This interaction can be essential to the N doping of TiO� . Concluding from the above, 
we can see that there are two types of interaction between Ti ion and urea, one is 
Ti-O-C, another is Ti-NH2. The significance of these two types of bonding will be 
evaluated in the discussion session. 
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Figure 2.12. (a) FT-IR spectrum of the as-prepared N-doped Ti02, (b) partial 
FT-IR spectrum of as-prepared pure TiO� . 
2.3.7 Raman Spectroscopy 
For the three phase structures of Ti02, anatase, rutile and brookite, they have 
different Raman active modes. For anatase, it is tetragonal {lAMamd) with four 
formula units per unit cell and six Raman active modes {A\g + 2B\g + 3五且广 Rutile 
(tetragonal, PAlhnnm) has two units and four Raman active modes (Aig + Big + B2g 
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+ Eg). While brookite is orthorhombic (Pcab), has eight formula units per unit cell 
and gives 36 Raman active modes (9Aig + 9Big + 9B2g + QBsg)， 
From Figure 2.13, only peaks of anatase phase (396, 516, 638 cm'^) are present, 
without traces of rutile and brookite, both in pure and N-doped Ti02. A weak peak at 
198 cm"' can also be found. Therefore, apart from results of XRD, Raman can also 
confirm the sole formation of anatase phase in both samples. The peak positions for 
pure Ti02 are 143, 395, 516, 638 cm-' and 145, 397, 517，641 cm-' for N-doped one. 
A shift towards higher energy in the peak position can be seen in the N-doped Ti02. 
A general and a detailed comparison are illustrated in Figure 2.14 and 2.15, 
respectively. The shift can be caused by smaller particle size of N-doped samples.^' 
Besides this, the shift can also be attributed to the stoichiometry state of the samples. 
It is reported that non-stoichiometry of Ti02 would shift the Raman peaks to a higher 
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energy. In this case, the shift of the peaks can be accounted to the 
non-stoichiometry generated during N doping. Normally, N doping will bring about 
this only when nitrogen substitutes for oxygen in the Ti-0 network. In our sintering 
environment with sufficient oxygen, if N is present in other states or just adsorbs on 
the surface of Ti02 in other forms such as NO, no such non-stoichiometry will be 
resulted. Thus, the shift in the Raman spectrum peaks can prove the N substitution 
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Figure 2.13. Raman spectra of (a) pure and (b) N-doped Ti02. 
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Figure 2.15. A detailed investigation of Raman peak position at 516 cm"' for (a) 
pure and (b) N-doped Ti02. 
Apart from peak shifting, a change in peak width is also observed. The FWHM 
of the peak around 396 cm"' for pure and N-doped Ti02 are 23 and 32 cm'' 
respectively. For the FWHM of remaining peaks, they are shown in Table 2.5. The 
N-doped sample has a broader peak than pure one. Similar to peak shifting, peak 
broadening can be explained by phonon confinement effect due to small particle size 
and non-stoichiometry. According to other studies,53’54 oxygen vacancies are the 
main cause of the broadening of TiO： Raman bands. This means defects, which 
usually come with N substitution, are brought into our system through N doping 
using urea as a nitrogen source. 
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Table 2.5. Summary of FWHM of Raman Peaks for Pure and N-doped TiOi 
FWHM of N-doped TiOj 
peak position (cm" ‘) FWHM of pure TiO: (cm" ‘) (cm"') 
144 15 16 
517 28 33 
639 31 42 
From Figure 2.14, there is a slight difference in the shape of the peak at 
641 cm''. Careful comparison of Figure 2.16 and 2.17 indicates an additional feature 
appears around 570 cm"' for N-doped Ti02. This peak can be assigned to 
non-stoichiometric oxynitride.^^ This result is consistent with Prokes et al.'s w o r k ? 
The formation of Ti02-xNx can be further confirmed by XPS in the next section. 
庄工二加 WW二.二…….；：；：：:：：：：：：：,：., !?^ H^ ,.-.-,._、._ 
1 1 1 1 ‘ 1 ‘ 1 ‘ 
300 400 500 600 700 800 
Raman shift (cm"^ ) 




• •T^^ |墨| I i_i-i--.,.i_、*Li^*i、*i.Vi、*t、、HS、V-.' ... . _ I I r 111 • 1111 : :：： ^  11 • • 1 • • • • • • 1 1 1 1 ‘ 1 ‘ 1 ‘ 
300 400 500 600 700 800 
Raman shift (cm"^) 
Figure 2.17. Resolved Raman peaks for N-doped TiOz. A new feature appears 
at 570 cm"'. 
2.3.8 XPS Studies 
XPS profiles for pure and N-doped samples are shown in Figure 2.18-2.21. 
From the N Is, 01s and Ti 2p regions, we find that nitrogen of amount between 0.36 
to 0.73 % are incorporated into the lattice of Ti02. Figure 2.18a and 2.18b, where 
they give the whole profiles, are examined. Figure 2.18a corresponds to the pure 
Ti02, and it gives no discernible N Is peak. Figure 2.18b corresponds to the N-doped 
powder, where a N Is peak appears. A more detailed peak scan of the N Is region of 
N-doped Ti02 is depicted in Figure 2.19a. It indicates that the peak is centred around 
400 eV. This peak is known to be related to N-N, N-0 or N-C b o n d i n g . A n d 
mostly, it is ascribed as surface adsorbed N2 due to the calcination process when 
nitrogen species left the surface of the powders. However, after argon sputtering, a 
new peak at 397.6 eV arises, as illustrated in Figure 2.19b. This binding energy 
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reveals the existence of Ti-N bonding which makes up Ti02-xNx. For the peak centred 
at 400 eV, its intensity reduces after argon sputtering, it means that it can be assigned 
to adventitious N but not the native one. The peak position at 397.6 eV is greater than 
the typical binding energy of TiN (397 eV) observed by Saha et al.^^ Though Asahi et 
al. had reported a binding energy of 396 eV, according to Chen et al., it is very true 
that incorporation of N into Ti02 network should produce a higher binding energy.^^ 
It is because the electron density around N should be reduced in 0-Ti-N compared 
with N-Ti-N environment; therefore, the binding energy of nitrogen in 0-Ti-N 
system should be larger. The difference in binding energy of 0-Ti-N in the present 
study from TiN (397 eV) is 0.6 eV. It is reasonable that the shifting is not a very large 
one, because O and N differ by only one in the periodic table, and their electronic 
structure and sizes do not differ much. Combining our XPS with Raman result, we 
believe that Ti02-xNx is formed in our N-doped system. Despite all the above 
arguments, the binding energy of resultant doped N influenced by the applied method 
needs to be taken into consideration. For example, the binding energy was 398.2 eV 
reported by Sathish et al. and 401.3 eV reported by Prokes et al.^^ and Chen et 
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Figure 2.19. XPS high resolution peak scan of N Is region (a) before Ar+ 
sputtering and (b) after Ar+ sputtering. 
Figure 2.20 shows the high resolution O Is XPS spectra. Both pure and 
N-doped Ti02 give two resolved peaks comprised of Ti-0 (-530.5 eV) in TiOi and 
O-H (531.4 eV) chemisorbed on the surface of the samples. A shift towards a lower 
binding energy is observed, from pure of 530.6 eV to N-doped of 530.4 eV. The 
result is consistent to the previous work.i5，47’56，59 These results are reasonable as the 
electronegativity of O is higher than N, so the electron density around O should be 
higher after doping. This can also indicates that nitrogen has substituted for the 
oxygen sites because of the change in the O binding energy. Apart from this, it is 
found that the peak area composed of O-H increases significantly after N-doping. It 
means that the surface adsorbed hydroxyl group which is beneficial to photocatalytic 
activity is enhanced after N doping using urea. This result is consistent with that 
obtained from the FT-IR spectrum, in which the peaks corresponding to 1650 and 
3400 cm'' increase as more urea is added. 
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Figure 2.20. XPS high resolution peak scan of O Is region of (a) pure and (b) 
N-doped Ti02. 
Figure 2.21 depicts the Ti 2p region of the samples. The Ti 2p region for Ti02 is 
consisted of Ti Ipm (-464 eV) and Ti Ip^/i (-458 eV). We do not observe a 
significant shifting in the peak position comparing the pure and N-doped samples, 
though a little shift of around 0.1 eV may probably contributed from uncertainties. 
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Figure 2.21. XPS high resolution peak scan of Ti 2p region of N-doped Ti02. 
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2.3.9 PL Measurements 
PL emission spectra have been used widely to investigate the efficiency of 
charge carrier trapping, migration and transfer, and also for understanding the fate of 
electron-hole pairs in semiconductor p a r t i c l e s . T o locate the new gap position of 
the N-doped samples and to compare the changes in the electronic level before and 
after doping, PL measurements were carried out. The PL spectra in Figure 2.22 
shows that the peaks have red shifted largely with a difference of about 1.26 eV 
between bandgap energy (~3.2eV for anatase) and emission peak energy (1.94 eV). 
This can be easily understood because our excitation source is a 514 nm laser, which 
is different from the commonly used 325 nm ones. There is a broad peak at 640 and 
725 nm for pure and N-doped Ti02 respectively. These emission peaks come from 
charge-transfer transition from Ti^ ^ to oxygen anion in a TiOe^" complex. A shift 
towards longer wavelength is observed for N-doped sample. The red shift supports 
the lowering of bandgap in Ti02, which is consistent to the UV-Vis absorption results. 
Another small peak at 625 nm is also observed for N-doped Ti02. This peak 
originates from N-doping as it is not found in pure Ti02. Besides, the figure shows 
that there is a weakening of the luminescence for the N-doped samples. This 
quenching of intensity may be due to the introduction of new defect sites that 
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Figure 2.22. PL spectrum of (a) pure and (b) N-doped Ti02. 
2.3.10 Photocatalytic Activity Measurements 
It is widely accepted that for a N-doped TiO〗，besides the N doping level and its 
corresponding oxidation states, photocatalytic activity is also strongly related to 
crystallinity and specific surface area.^^ Also, it is notable that a perfect crystal 
surface can inhibit the recombination of holes and electrons, and the number of 
reaction centres usually increases with increasing surface area of the catalysts.^^'^' 
However, to obtain a well crystallized structure usually requires a high calcination 
temperature, thereby reduces the surface area. Therefore, optimizing and balancing 
all the above factors are always difficult. For our N-doped TiOz, as indicated from 
XRX), the crystallinity remains roughly the same as pure one. The only changing 
parameters are surface area and N concentration, so the activity would be mainly a 
function of these two parameters. 
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Mordant Yellow 10 (MY) is non-biodegradable and can accumulate in the 
aquatic system becoming a major source of contamination.'^^'^^ It is chosen as a target 
substrate for photocatalytic activities because it does not absorb visible light as its 
onset o f absorption starts below 400 nm. As a result, photocatalytic activities 
measured through degradation o f M Y can indicate a more reliance on visible light 
driven photocatalytic efficiency of the catalyst. Figure 2.23 illustrates the 
decolourization o f M Y from different samples. Enhanced activity is found in 
N-doped samples. It indicates that N-doped Ti02 using urea is an effective and 
feasible approach for achieving visible light photocatalysis. The activity generally 
increases wi th the amount o f urea, thus the surface area and N concentration. 
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Figure 2.23. Photocatalytic degradation o f M Y for Pure and N-doped Ti02 
under visible light irradiation (> 400 nm). A represents the absorbance o f M Y 
(A,max at 355 nm). 
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Chlorophenol is another commonly used substrate for the testing of Ti02 visible 
light photocatalytic efficiency as it also does not absorb visible light. Figure 2.24 
illustrates the photocatalyzed disappearance of 4-chlorophenol from different 
samples. Obviously, the N-doped Ti02 show an enhanced photocatalytic activity. On 
the other hand, pure TiO� does not show activity under visible light irradiation as a 
little observed activity may due to the formation of surface-complex between TiO: 
and chlorophenol.63 The activity is in fact a result of combined effect of nitrogen 
concentration and surface area. Similar to degradation of MY, activity efficiencies 
increase with the amount of urea and come up to an optimum. When the doping level 
becomes higher (TN-3), even the surface area stays more or less the same, the 
activity reduces. This shows that there is an optimum value for level of N doping. 
Irie et al,^ synthesized Ti02-xNx with oxygen sites substituted by nitrogen atoms 
formed an isolated narrow band above the valence band. They demonstrated that the 
oxidation power of Ti02-xNx with low nitrogen concentrations (x<0.02) decreased 
with N concentration, indicating the doping sites could serve as recombination 
centres. While Okato et al.^ ^ indicated that when substitution of N into O sites was 
saturated above 1-2 %, the excessive N was doped interstitially within matrix. It 
would produce deep-level defects which would degrade the photoactivity of TiO:. 
Our results show that a higher doping level retards photocatalytic activities. It is 
more similar to the latter case. Moreover, our photoluminescence result also indicates 
that defect sites may arise due to N-doping. Therefore we can conclude that the 
formation of too much defect sites is responsible for lowering of photocatalytic 
activities in higher amount of N doped. Finally, it should be noted that an 
overloading of N in the lattice would result in detrimental effect, and the optimum 
doping level may vary among different preparation methods. 
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Figure 2.24. Photocatalytic degradation of 4-chlorophenol for Pure and 
N-doped Ti02 under visible light irradiation (> 400 nm). 
Despite the similar trend, the activity results of MY and chlorophenol are 




2.3.11 Advantages of Using Urea as a N-doping Source 
Combining the results from XRD and BET, there are some advantages for using 
urea as a source for nitrogen doping of Ti02. Particle size becomes smaller with no 
significant change in crystallinity, and the surface area shows an obvious increase. As 
mentioned before, it is due to the formation of Ti-O-C bonding as observed from 
FT-IR. We attribute the resistance of agglomeration of the Ti02 particles during the 
crystallization process to this Ti-O-C bonding. The presence of C in the bonding 
forms a barrier to prevent smaller particles coming into contact. It has a different 
mechanism from other works that show a higher surface area. For other systems, the 
foreign ions come into the interstitial site in lattice of Ti02 which aggregated in grain 
boundaries to block the crystal growth of Dissimilarly, urea coordinated to Ti 
ions that forms part of the network can prevent the hydrolysis of titanate.^^ In this 
case, the growth in size of the final Ti02 is retarded with slower hydrolysis rate. 
Moreover, the grain boundary can be pinned to advancing. It results in production of 
small spherical particles and large surface area. In addition, urea can also act as a 
'template' during the hydrolysis process. Being a structure directing agent, during the 
hydrolysis of Ti ions, urea crystals can arrange in a special order. As a result, the 
network of Ti-0 is formed in a shape based on the urea coordination. This special 
feature of urea together with the Ti-O-C bonding can therefore account for the 
special morphologies of the N-doped TiO? using urea as the N source. Furthermore, 
as illustrated in the following diagram, when coordination occurs through oxygen 
(Ti-O-C bonding), it causes the emergence of positive charge at -NH2 to form -NH2+ 
of urea.66 This positive charge can help attracting to the water molecules through a 
negatively charged dipole moment, which results in the promotion of hydroxyl 
groups on Ti02 surface. 
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The presence of larger pores for those with more urea added can be traced to the 
ammonia formation during calcination process. As urea is present in excess, during 
the thermal decomposition of urea from 75-100 °C, it gradually decomposes into 
ammonia as indicated from equation (1). Consequently large volume of NH3 is 
liberated and pores are formed when NH3 comes out from the interior parts of Ti02 
aggregates. Because of this, larger pore diameter can be observed from those with 
more urea added. 
NH2CONH2 + H2O -> 2NH3 + CO2 Equation (1) 
Apart from the pore formation, NH3 can also help the production of oxygen 
vacancies, which is proven from Raman and PL spectra. The reductive nature of NH3 
can induce the production of defects of oxygen vacancies and allow easier 
incorporation of N into the network. At the same time, oxygen vacancies can also 




2.3.12 Mechanisms for N-doping 
The NH3 liberated serves three functions, the first two are the pores and oxygen 
vacancies formation discussed above. The third function is for N-doping. This is just 
like other N-doping works by which treating Ti02 in NH3 environment.64 In an open 
system, however, the NH3 liberated is continuously removed through the exhausting 
outlet easily, therefore the contribution of liberated NH3 for N-doping is not 
significant. Then, the one contributes mostly in donating nitrogen upon doping is 
through Ti-NH2 bonding as found in FT-IR. The doping is driven by the 
ligand-to-metal charge t r ans fe r .As mentioned above, the interaction between N and 
Ti already started in the early hydrolysis stage. This provides an easier and direct 
route for N-doping. The function of this Ti-NH2 bonding is not merely for N-doping, 
but also water adsorption. Indicated in the FT-IR spectrum, we can see that as more 
urea is added, the peak for water adsorption is stronger. Apart from higher surface 
area,69 we propose that stronger water absorption can also be ascribed to Ti-NH2. 
Besides bonding to Ti, the lone pair of electron in nitrogen may interact with the 
water molecule. Therefore, the more N exposed, the more hydroxyl group is attached 
to it. Although we cannot judge at which stage this attraction of water molecules 
occurs, we postulate that it probably happens before the condensation reaction as it is 
the time when the nitrogen is most exposed to the surrounding environment. This 
may also explain why the N doping level cannot be enhanced further when the urea 
concentration is such an excess compared to titania source. Once N attracts to water, 
its connection to Ti ion is weakened.48 Because of this, we can see from FT-IR that 
the enlargement of the water peak is very significant while the increase in N doping 
level does not enhance much. This manifests the contradiction of N in bonding to Ti 
or attracting to water molecules. But of course the low doping level cannot be laid 
absolutely to this reason. As reported by many groups, it is found that high level of 
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N-doping is in fact quite difficult to achieve, usually between a range of 0.2 to 2 %, 




We have successfully doped nitrogen into Ti02 and enhanced its surface area 
using urea as the nitrogen source and structure directing agent. The absorption is 
shifted to visible light region as illustrated from UV-Vis absorbance and 
photoluminescence. We can show that Ti02-xNx is formed by replacing the place of 
oxygen with nitrogen by various characterization techniques, such as FT-IR 
transmission, Raman Scattering and XPS. N2 adsorption analysis and SEM indicate 
that an increase in specific surface area by promotion of pore formation and surface 
roughness due to addition of urea is resulted. Besides the pores and structures 
directing ability, we believe that the formation of Ti-O-C bond also accounts. The 
linkage between Ti and C=0 from urea can resist the hydrolysis rate, resulting in 
smaller particle formation and hence a higher surface area. The ammonia gas 
liberated during calcination contributes to the large pores formation. For the N 
doping of Ti02, we speculate that it is partly caused by the interaction of Ti and NH2 
from urea that forms Ti-NH2. All N-doped samples show a higher photocatalytic 
activity under visible light irradiation, this can be attributed to the net effect of 
N-doping and higher surface area of the samples. 
N-doping using urea can bring along many advantages to TiO� . There is still 
room for its development as we only illustrate its surface area enhancement property, 
other possible development such as morphology controls has not been reported yet. 
We believe there is still a lot interesting properties to explore when more 
morphologies and features of N-doped Ti02 are discovered. This simple and 
environmentally acceptable method holds promise in the future large-scale synthesis 
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Preparation of Nanoporous Interstitial B-doped TiO: with 
Enhanced Photocatalytic Activity 
3.1 Introduction 
Since Ti02 was discovered to be a stable and efficient photocatalyst more than 
30 years ago,'""^ intensive and wide researches have been carried out to study its 
ability on degradation of toxic organic pollutants as well as for water and air 
purification.5-7 Though there are many advantages over the use of Ti02 as 
photocatalyst, there are still many shortcomings of its use for wide applications. 
Example includes its wide bandgap that limits sunlight utilization, which is stated in 
the previous chapter. In fact there are also some fundamental problems, such as fast 
recombination of photoexcited electron and hole pairs (the recombination of trapped 
electrons with free or trapped holes take place in 10'" to 10'^  s time domain/ 
rendering a reduction in photocatalytic rate. It is found that interfacial charge 
transfer is the rate-determining step for the overall photodegradation process."^ 
Therefore a move to trigger the interfacial charge transfer and inhibiting 
electron-hole pair recombination is necessary to enhance the photocatalytic 
efficiency of TiO� . There are certain ways to modify TiO� to enhance its activity. 
First, it is the co-deposition of metals on TiO〗，such as Pt, Au and Ag. It can prohibit 
the fast recombination of electron and holes, in addition to the catalytic properties 
carried themselves.^''^ However, the use of expensive noble metals inevitably raises 
the cost of production and therefore limits its commercialization. The second is the 
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use of quantum sized TiO� . When the crystalline dimension of Ti02 falls below 10 
nm, the bandgap increases and the band edges shift to yield a larger 
oxidation-reduction potentials."''^ Thirdly, it is the fabrication of metal doped TiO?. 
It has been widely studied for the effect of addition of metal dopant to both anatase 
and rutile Ti02 and results vary from systems to systems. 
The last is the synthesis of photocatalyst possessing high surface area, 
especially for those porous structures. Apart from increasing the contact between 
catalysts and substrates, a larger surface area allows more efficient transfer of charge 
carriers to the surface, thus reducing the probability of electron-hole pair 
recombination. It is a more promising way for the enhancement of photocatalytic 
activities of TiO� as practically it does not bring negative effects to Ti02 in other 
ways. Porous materials are especially more important because it has excellent 
adsorptive properties.'^ Chemical reactions occur more easily when the transport 
path, which the molecules move in and out of the porous material, are 
interconnected in the integral part of the structure.'^ The common way to induce 
pores formation is the use of surfactants'^ or templates.^® However, the removal of 
templates is necessary as they block the active sites of catalyst and controlled 
removal process is required to prevent the collapse of pores. Therefore, it is better to 
explore other methods to enhance surface area and porous structure of them which 
does not need to completely remove the organics. Among porous structure, 
mesoporous materials are still the focus of research. Few people study the micro- to 
nano- porous materials. As a result, it is a good idea to fabricate nanoporous 
materials and find the potentials of their applications. 
To the best of our knowledge, there are very few studies about addition of 
boron to Ti02. One striking study was conducted by Zhao et al. that they discovered 
the visible light activities of Ti02.xBx.^' Moon et al. synthesized and studied B/Ti 
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binary oxide for the decomposition of water.?�” Jung et al. prepared 
B203-Si02/Ti02 ternary mixed oxides and studied the effect of boron content on the 
system.24 A calculation on geometry and electronic structure of B-doped TiO? was 
conducted to find out the possible type of B-doped samples.^^ Nevertheless, apart 
from Zhao et al. who reported B replacing the position of O which drives the optical 
absorption to visible light region,^' no other groups have investigated on other types 
of B-doping. Here, we in this study, would like to carry out an interstitial B doping 
into Ti02 and investigate the effects and changes on it. In addition, the nanoporous 
structure of the final product and the corresponding photocatalytic activities is also 
studied in details. 
3.2 Experimental 
3.2.1 Materials and Catalyst Preparation 
Chemical reagents including boric acid (FISHER) and titanium 
tetraisopropoxide ([TTIP], 98 %, ACROS) were used as received without further 
purification. 
The synthesis of boron-doped Ti02 was simple and straightforward. Boric acid 
was added in 40 ml absolute ethanol and assisted with sonication until all crystals 
was dissolved. The solution was stirred and at the same time 5.3 ml (0.018 mol) 
TTIP were added. The amount of boron in the solution was 0，1，5, 7.5，10 % in 
atomic concentration compared to titanium. After stirring for a further 1 min until all 
the components were mixed well, 10 ml of water was added to the stirring solution. 
The solution immediately turned into a sol with white powders coming out. The sols 
were allowed to be stirred overnight. They were then dried at 5 0 � C for 3 h and 
kept at room temperature for 1 day. Finally, the dried white products were calcined 




X-ray powder diffraction (XRD) patterns were recorded with a Bruker D8 
Advance X-ray diffractometer with Cu Ka irradiation (k = 1.5406 A). The 
accelerating voltage and the applied current were 40 kV and 40 mA, respectively. 
The crystalline size was calculated from X-ray line broadening by using Scherrer 
equation = K X / ^ cos 0 )，where � is the crystal size in nm, X is the wavelength 
of X-ray irradiation (0.15406 nm), is a constant taken as 0.89, p is the peak width 
at half maximum height (FWHM), and 6 is the diffraction angle of the anatase (101) 
peak. 
Varian Cary IE UV-visible spectrophotometer equipped with a Labsphere 
diffuse reflectance accessory was used to collect the reflectance spectra of the 
samples over the range of 200 to 800 nm. Labsphere USRS-99-010 was used as the 
reflectance standard. 
The Brunauer-Emmett-Teller (BET) surface area ( S B E T ) and pore size 
distribution were determined at 77 K using Micromeritics ASAP 2010 system, after 
the samples were degassed at 1 6 0 � C and 10"^  Torr for 6 h. 
Scanning electron microscopy (SEM) was carried out on a LEO 1450VP 
scanning microscope to study the morphology and surface roughness of the samples. 
The samples were first coated with a layer of gold by sputtering for electron 
conduction prior to measurement. Crystallite shapes and microstructure were further 
observed using transmission electron microscopy (TEM). The samples were 
prepared by dispersing the powders in ethanol, and the dispersion was then dropped 
on carbon-coated copper grids used as sample holders. They were studied with 
CM-120 electron microscope (Philips, 120 kV). 
FT-IR spectra of the samples mixed with KBr were obtained on Nicolet Magna 
560 FT-IR spectrometer at a resolution of 4 cm"'. 
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Raman spectra of the powder samples mounted on a glass slide were measured 
using Renishaw 1000 micro-Raman system. Objective of 50 times magnification 
were selected. The excitation source was an Argon ion laser operating at 514 nm 
with an output power of 20 niW. 
Photoluminescence (PL) emission spectra of the samples were collected by 
firstly aligning the powdered sample on a quartz slide. Objective of 50 times 
magnification were selected, and the samples was illuminated with a 514 nm 
Argon-ion laser at ambient temperature. Then, the PL of the samples was collected 
with RM-1000 Micro Raman Spectrometer (Renishaw Co. Ltd.). 
Surface composition was performed by X-ray photoelectron spectroscopy (XPS) 
using a PHI Quantum 2000 XPS System with a monochromatic Al Ka source and a 
charge neutralizer. All the peaks are referenced to surface adventitious carbon of 
284.8 eV. 
3.2.3 Photocatalytic Activity Measurement 
The photocatalytic activity experiments were performed by monitoring the 
degradation of a common degradation model methylene blue. The photocatalytic 
reactor is illustrated in Figure 3.1. Briefly, the activity was measured by using a 500 
ml Pyrex photochemical reactor, and a 300 W high-pressure mercury lamp used as 
UV light was positioned inside a vessel sandwiched with circulating water cooling 
system. For a typical reaction setting, 0.35 g of photocatalyst was suspended in 350 
ml solution of 20 ppm methylene blue. The mixture was magnetically stirred for 2 
hrs in darkness for the establishment of an adsorption / desorption equilibrium prior 
to start of reaction. When the reaction was started, O2 was continuously bubbled into 
the solution throughout the experiment. At given irradiation time intervals, 3 ml of 
the suspension was collected and centrifuged, and the supernatant was analyzed with 
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be calculated through the following equations. 
Bragg's Law: d(hkl) = X / 2Sm^ 
d-2(hkl) = h2a-2 + k2b-2 + 12c-2 
Where d is the distance between crystal planes of (hkl); X is the X-ray wavelength; 6 
is the diffraction angle of crystal plane (hkl); hkl is the crystal plane index; a, b and c 
are the lattice parameters where a = b c in anatase form. The lattice parameters are 
summarized in Table 3.2. According to Table 3.2，the cell parameter c generally 
increases with the amount of B while a and b do not show a constant change. The 
final cell volume shows that the volume of unit cell has enlarged. Together with the 
XRD pattern in Figure 3，it can be shown that the Ti02 lattice cell is expanded due to 
the doping of boron. 
Table 3.2. Summary of Lattice Parameters and Cell Volume of TiO: 
with Different B Content 
sample (% 
B-doped) a=b (A) c (A) cell volume (A^) 
0 3.7801 9.2869 132.70 
1 3.7778 9.3032 132.77 
5 3.7830 9.2998 133.09 
7.5 3.7820 9.3466 133.69 
10 3.7810 9.4049 134.45 
3.3.2 UV-Vis Absorption Spectroscopy and Bandgap Energies 
Modification of band-gap energy was investigated using UV-Vis absorbance. 
Figure 3.4 shows the UV-Vis spectra of the TiOi powders doped with different 
amount of B. The fast increase of absorbance around 380 nm is due to the excitation 
of electrons from valence band to conduction band causing the absorption of light. 
There is an absence of extension absorption to visible light region, which differs 
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from the results obtained by Zhao et al.^ ^ It may be due to difference the form of B 
being doped and it will be discussed in the later part. Instead, there is a blue-shift in 
the absorption of our B-doped samples. To determine the band-gap energy, the plot 
of absorption coefficient {a)^'^ against photon energy (hv) is drawn and the band 
gap energy is determined through the intercept of the tangent to the plot. Figure 3.5 
depicts the band-gap energy plot. From the plot, the estimated band-gap energies are 
3.14, 3.20, 3.20, 3.16, 3.15 eV for 0，1’ 5’ 7.5, 10 % doped samples, respectively. 
The increase in band-gap energy can be attributed to quantum-size effect when the 
cluster size of titania around or below 10 nm.^ '^ ^ The slight reduction in bandgap 
energy for 7.5 and 10 % doped samples may be caused by structural defects.^^ 
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Figure 3.5. Plots of ( a 严 versus photon energy. 
3.3.3 Ni Sorption Analysis 
Figure 3.6 and 3.7 give the adsorption-desorption isotherm and BJH pore size 
distribution of the pure and B-doped TiO〗，respectively. From the sharp increase in 
P/Po from 0.9 to 1.0 for hysteresis loop and pore size distribution, it is clearly seen 
that majority of the pores are 
microporous, with some mesopores present and most 
of them have size smaller than 5 nm. The pore system in pure TiO: is somewhat 
hierarchical and this bimodal system starts to reduce as more B is doped into it. It is 
also seen that the range of pore size is very small and they are very homogenous. 
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Figure 3.6. N2 adsorption-desorption isotherms of Pure and B-doped TiO� . 
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Figure 3.7. Barret-Joyner-Halenda (BJH) pore size distribution plots of Pure, 1 
and 5 % B-doped Ti02 (lower part) and 7.5，10 % B-doped Ti02 (upper part). 
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The physicochemical parameters of the powders are listed in Table 3.3. 
B-doped Ti02 shows a significant increase in surface area. Comparing the pure and 
10 % doped samples, a 3 times enhancement in surface area is observed. It reveals 
that B-doping is an efficient way to increase the specific surface area of the TiO� . 
For pore volume, it generally increases with the amount of B, but the increase in 
pore volume is not as obvious as the surface area. It is because the pores are mostly 
microporous and the micropores contributing to pore volume increment is not very 
much. In fact, the significant increase in surface area may probably due to the 
reduction of particle size as calculated from XRD data. On the other hand, the pore 
size decreases correspondingly, which it is indicated in pore size distribution curve 
that the majority of pores are shifting to the left. In our system, we do not use other 
agents such as surfactant or template to control the formation of pores. Therefore, 
the pores appear in B-doped Ti02 mainly originate from the inter-agglomerate pores 
that exist between Ti02 aggregates. As a result, it is speculated that the reduction in 
pore size is ascribed to the smaller particle size when more B is doped into Ti02. 
When the particles are smaller, their packing becomes tighter and closer, so the 
pores between them are smaller. It is quite interesting to note the above findings as 
the results we obtained are totally opposite to the one from Jung and his co-workers 
again for the trends of BET surface area and pore size?* 
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Table 3.3. Physicochemical Properties of Pure and B-doped Samples 
SbeT^ yb 
sample (% B -doped) (m^/g) (cmVg) Dbe/ (nm) 
0 96 0.14 5.75 
1 109 0.15 5.65 
5 178 0.16 3.56 
7.5 271 0.22 3.24 
10 297 0.23 3.05 
a BET surface area calculated from the linear part of the BET plot {P/Po = 0.1-0.2)， 
Total pore volume, taken from the volume of N2 adsorbed at P/Pq = 0.995.�Average pore 
diameter, estimated using the adsorption branch of the isotherm by BET. 
3.3.4 SEM and TEM 
SEM images for the pure and B-doped TiOi are shown in Figure 3.8. Both 
samples give tiny spherical particles. There is no morphological alteration upon 
B-doping. The B-doped samples show less tendency to form large aggregates. The 
particles of pure TiO: are likely to fuse together to form large aggregates, while the 
B-doped Ti02 consists of individual tiny particles. Consequently, it could explain the 
bimodal character in pure Ti02 as it consists of intra-agglomerate pores between 
individual smaller spheres and inter-agglomerate pores that exist between larger 
aggregates. While the smaller particles in B-doped TiO: are retarded to aggregate 
together, only smaller pores are present. This characteristic allows B-doped TiO: to 
have more exposed surface than the pure one. It may explain why the initial N2 
volume adsorption of B-doped samples indicated from the adsorption-desorption 
isotherm is higher than the pure one, which leads to a higher surface area. 
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mm肩: m m Figure 3.8. SEM images of pure (a, b) and B-doped Ti02 (c, d). 
Figure 3.9 (a, b) and (c, d) illustrates the TEM images of 7.5 % and 10 % 
doped Ti02, respectively. It is shown clearly that large irregular spheres are formed, 
which is about tenths to a hundred nanometer in size. These spheres may correspond 
to the observed tiny spherical particles in SEM. It is interesting that in the absence of 
special treatment, clearly defined spheres are formed instead of irregular aggregates. 
When a higher magnification is shown, the large spheres are actually made up of 
much smaller particles that assemble together. The particle size of the samples is 
around 10 nm, and it is consistent to the calculated size from Scherrer equation. 
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Numerous pores are found in both samples. It is tempted to suspect that most of 
the pores are smaller than mesoscale, as seen in Figure 3.9b and 3.9d. Actually the 
presence of such pores confirms the results in pore distribution curve in N2 sorption 
section (Figure 3.7 upper part). From the pore size distribution curve, we can see 
that a sharp line exists at the smaller pore size range, indicating the size is below the 
mesoporous range. The pores are formed by the agglomeration of particles. When 
the tiny particles of size 10 nm come together, they make up larger spheres which 
are around 50 to 100 nm. The 10 nm small particles do not fuse together to become 
large well-defined large particles, but instead, individual tiny sphere still clearly 
exist in each large spheres. Inter-particle spaces exist in between each tiny particle, and thes  spaces make up the nano-por s. Th e pores provides the material with a
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high surface area leading to have a strong adsorption and interaction of the reactant 
molecules.^^ According to Liao and co-workers,^^ the presence of interagglomerate 
pores also prevents the anatase grain growth, which is clearly indicated in Figure 
3.10. Figure 3.10 illustrates the particle size comparison between pure and B-doped 
Ti02 at higher calcination temperature. The percentage of increase in particle size 
for pure TiO: are 32 and 15 % for 500 and 6 0 0 � C respectively, while the increase 
for B-doped TiO: are 10 and 11 %. It shows that the rate of increase in particle size 
for B-doped TiO: is much slower than the one without doping. 
450 — 
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—•- 7.5 % B-doped 
335。； \ 
" f 300- \^10.11nm 
g 250-
I • 
150- 11.14 nm 
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Figure 3.10. Comparison of BET surface area between pure and 7.5 % 
B-doped Ti02. The numbers on each point are particle size calculated from 
Scherrer Equation from parameters based on XRD (particle size calcined in 300 
°C cannot be calculated as they are amorphous in nature). 
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3.3.5 FT-IR Spectroscopy 
FT-IR can give a glance about the interaction of the dopant with the Ti02 lattice 
and how the network is affected after doping. Figure 3.11 presents the FT-IR spectra 
for the pure and different B-doped TiO!. As seen, the samples are free of organics. 
All the samples give peaks around 570 cm'', which is the characteristic peak of 
titania.3o Also, they all show a shoulder around 1000 cm"' that is referred as anatase 
Ti-0 bond vibration.^' Peaks at 3400 cm'' correspond to the stretching vibrations of 
OH groups from surface-adsorbed water and peaks centered at 1630 cm"' are 
attributed to OH from surface hydroxyl groups.^Obviously, as more amount of B 
is doped, peaks of 3400 and 1630 cm"' becomes larger, meaning more 
surface-adsorbed water and hydroxyl groups are present. This can be ascribed to the 
larger surface area of the B-doped samples.^^ A new special feature at 1380 cm'' 
appears for B-doped samples, and its intensity increases with the B-doping. Clearly, 
this peak arises due to the doping of B. According to previous reports, it is ascribed 
as tri-coordinated boron (b3+).34-36 Comparing it with the spectrum for H3BO3 and 
B2O3 as shown in Figure 3.12a and 3.12b, which the form of 8 � + most commonly 
exist as, there is no matching of the peaks. In addition, the characteristic peak of 
B2O3 (1202 cm"') is not found.24 Therefore the boron found in Ti02 is unlikely to be 
either in H3BO3 or B2O3. While other forms of B such as BO4 that is situated at 1096 
cm"' is also not f o u n d , i t is assumed that only one state of B is found in Ti02. 
Concluding from the above, we know that the boron should be in tri-coordinated 
state, but its actual form of occurrence in Ti02 is still unknown at this stage. 
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Figure 3.11. FT-IR spectra of pure and different B-doped Ti02. 
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Figure 3.12a. FT-IR spectrum of B2O3. 
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Figure 3.12b. FT-IR spectrum ofHsBOs. 
3.3.6 Raman Spectroscopy 
Raman spectroscopy can be applied as another way to identify the phase 
composition near the surface of the materials and to see the dopant influence based 
on the modification of the Raman mode. Figure 3.13a and 3.13b illustrate the Raman 
spectra of pure and B-doped Ti02. Five peaks are centred at 145, 198，399，519 and 
640 cm"'. These peaks contribute solely to the anatase phase, which is consistent to 
the XRD pattern. There is no significant shifting of the peak positions, though 
shifting of only 1 cm"' may be attributed to uncertainty. Despite no shifting in peak 
position, it is found that there is a significant alteration for the peak width. The 
summary of FWHM of the samples is shown in Table 3.4. Similar to the N-doped 
Ti02 in the previous chapter, the FWHM of B-doped sample is larger than the pure. 
Peak broadening can be explained by phonon confinement effect due to small 
particle size and non-stoichiometry.^^'^^ It is reasonable that there may be some 
non-stoichiometry in the sample because as shown in XRD, the B-doped TiO� are 
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becoming less crystalline than the pure Ti02. 
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Figure 3.13. Raman spectra of (a) pure and (b) B-doped TiO?. 
Table 3.4. Summary of FWHM of Raman peaks for Pure and B-doped TiOi 
FWHM of B-doped Tio7~ 
peak position (cm'') FWHM of pure TiO� (cm'') (cm'') 
144 15 20 
399 21 26 
519 28 38 
641 32 44 
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3.3.7 PL Measurements 
Figure 3.14 depicts the PL spectra for (a) pure and (b) B-doped TiO� . The 
significant red-shifting emission peak position from others' published report is 
because we used a 514 nm laser as excitation source, while the commonly used one 
is 325 nm. Obviously, there is an enhancement in the PL emission. Such 
phenomenon is probably due to the carrier confinement effect,^^ or high surface area 
making the rate of recombination of electrons and holes to be more significant since 
larger surface area contains more defect sites.^o Because there is no shifting of peaks 
and no extra emission peak appears compared with the B-doped and pure TiO〗，the 
modification of electronic structure such as new sites for charge carriers trapping or 
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Figure 3.14. PL spectrum of (a) pure and (b) B-doped Ti02. 
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3.3.8 XPS Studies 
XPS profiles for pure and B-doped Ti02 are presented in Figure 3.15-3.18. B Is, 
Ti 2p and O Is regions are investigated. Figure 3.15a and 3.15b show the survey 
scan of pure and B-doped TiO〗，respectively. It is obvious that no discernible boron 
peak is observed for pure while a significant boron peak is found at region around 
190 eV for B-doped sample. Figure 3.16 and 3.17 give the comparison of Ti 2p and 
O Is high resolution peak scan between pure and B-doped Ti02. Investigation of the 
peaks shows that there is no additional peak arises corresponding to other compound 
formation such as O Is at 533 eV relating to B2O3. Once again it proves that B does 
not exist in the oxide form. No tailing of Ti 2p peak at 458 eV for the presence of 
Ti3+ is found.4i This implies that the doping of B does not induce the formation of 
Ti3+，which is seen as one possible outcome of B^^ doping to balance its charge.42 
Moreover, there is no significant change in peak position for both Ti and O regions 
among the two samples. The only difference between the two samples is the area of 
O peak corresponding to 0-H at 531 eV. After calculation, it is found that all 
B-doped Ti02 have a larger area proportion of this peak than the 0 % doped one. 
This means that there are more hydroxyl groups attaching on the surface of B-doped 
Ti02, which is consistent to the FT-IR results which indicates larger water-related 
peaks. More -OH groups is beneficial to photocatalytic activities as it can provide 
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Figure 3.15a. XPS survey scan for pure TiO�. Enlargement of B Is region is 
indicated (inset). 
2.5 j 1 1 1 1 1 1 
2" 9 CD 
I 
u c z 
1 . 5 ' 它 A A A _ 
. p 200 
"(3 
1 • / • 
qI I 1 I I - ‘ • 
1400 1200 1000 800 600 400 200 0 
Binding Energy (eV) 
Figure 3.15b. XPS survey scan for B-doped Ti02. Enlargement of B Is region 
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Figure 3.16. XPS high resolution peak scan of Ti 2p region for (a) pure and (b) 
B-doped Ti02. 
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The peak for the B Is region are shown in Figure 3.18. The boron peak is 
centered at around 192.2 eV. According to Zhao et al., the binding energy of B in 
B2O3 is 194.1 eV, while 193.8 and 188.2 eV correspond to H3BO3 and TiB?, 
respectively.^' They reported a binding energy of 191.6 eV for B in Ti02-xBx.^' 
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Figure 3.18. XPS high resolution peak scan of B Is region for B-doped TiO?. 
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3.3.9 Photocatalytic Activity Measurements 
The result of photocatalytic degradation of methylene blue over the pure and 
B-doped Ti02 is shown in Figure 3.19 and the numerical representation is depicted 
in Table 3.5. All B-doped TiO? show better photocatalytic activities than the pure 
one. The activity increases with the amount of B when the activity reduces a little bit 
for 10 % doped one, but its activity is still higher than the pure Ti02. It is commonly 
accepted that a larger bandgap corresponds to a more powerful redox c a p a b i l i t y . 4 3 
Since all B-doped samples have a larger bandgap than the pure one, the oxidizing 
ability should be higher. Moreover, the oxidative reaction is believed to be initiated 
by • OH radicals. In the presence of oxygen, the • OH radicals are generated in the 
following photochemical reactions,* 
Ti02 —h十+ e- (1) 
e- + O2 -> O2" (2) 
O2" + 2H+ + e"-> H2O2 (3) 
H2O2 + O2 — • OH + OH- + O2 (4) 
h+ + H2O — • OH + H+ (5) 
h+ + OH- + • OH (6) 
The incorporation of boron enhances the surface area of the catalyst. The larger 
surface area can offer more active sites to adsorb water and hydroxyl groups, which 
is already confirmed by the larger water adsorption peak from FT-IR. According to 
eqs 5 and 6, the surface-adsorbed water and hydroxyl groups capture photoexcited 
holes and produce active hydroxyl radicals, which are powerful oxidants in 
oxidizing adsorbed organics. Moreover, the capturing of holes can further inhibit the 
recombination of electron-hole pair, and therefore increasing the quantum yield.^ 
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Figure 3.19. Photocatalytic degradation of methylene blue for TiO: with 
different amount of B-doped. A represents the absorbance of methylene blue 
(>imax at 660 nm). 
Table 3.5. Summary of Photocatalytic Activities for TiOz 
Doped with Different Amount of B 
Percentage of Initial Initial 
Sample (% degradation degradation rate degradation rate 
B-doped) after 90 min (%) (% / min)' (ppni / min) 
0 91.9 1.46 0.292 
1 99.6 1.56 0.312 
5 100 2.00 0.400 
7.5 99.9 2.88 0.576 
10 99.8 2.69 0.538 




Apart from the bandgap energy and surface area, photocatalytic activities is 
also associated with crystallinity,45，46 since crystallinity controls the electron-hole 
recombination. It is widely accepted that a perfect crystal surface can inhibit the 
recombination of holes and electrons. As we have stated above, increasing the 
amount of B reduces the crystallinity to a certain extent. The reduction in 
crystallinity may account for the reduction in photocatalytic activity for 10 % 
B-doped Ti02. 
Therefore, there should be a balance between surface area and crystallinity for 
B-doped Ti02. In this case, it is found that 7.5 % B-doped titania possess the highest 
photocatalytic activity. 
3.3.10 State and Form of Boron in TiOz Lattice and its Effects 
Combining all the above results, the state which boron is doped into Ti02 is 
proposed. From XRD, it is found that peaks are shifting towards lower angles and 
the cell volume has expanded due to B doping. FT-IR results suggest that the B in 
form of Boron is probably doped into the interstitial sites of the TiO� lattice. B^^ 
is small enough to enter and situate in the interstitial sites. This makes the doping of 
boron in tri-coordinated form possible while on the other hand it can fulfill the size 
expansion of the lattice. 
Geng et al. have done a theoretical calculation on the possible type of boron 
doped Ti02，25 and they found that boron tended to either replace an oxygen atom or 
sits in the interstitial place. We assume that our work should be the latter case. They 
also calculated that this interstitial doping normally should not shift the absorption 
edge Ti02, thus not contributing to the alteration of photocatalytic activity.^^ As their 
argument is quite consistent to our result, this can give an insight of our experiment 
that the promotion of the photocatalytic activity is due to increase in surface area 
9 1 
Chapter Three 
and quantum size effect. When the boron is doped into Ti02 lattice, there are two 
possible ways boron can balance its charge. The first one, being itself situated in the 
interstitial site and charge balanced by the formation of Ti3+，42 is ruled out as Ti^ "^  
cannot be found from XPS. Therefore, the other way is that it occupies at the 
interstitial site and adopts sp^ hybridization with the neighboring oxygen. As a result, 
the charge is balanced in the system and no other alternative modification is found. 
When boron is in the interstitial site, its small size allows it act as a barrier at 
the grain boundary. It inhibits grain growth by restricting direct contacts of the T iO� 
grains, which is required in the grain growth p rocess , thus the crystalline size is 
smaller. Then the nanopores are formed by assembly of the smaller sized TiO? grains. 
As the pores are formed by aggregation of tiny grains, they should be present all 
over the integral parts of the particles, as illustrated in TEM. By this random 
distribution, the pores may be interconnected throughout the particles, and exchange 




Nanoporous boron doped TiO: is successfully prepared. The grain growth is 
inhibited and the surface area of B-doped TiO! shows a significant enhancement. On 
the basis of XRD, XPS analysis, and FT-IR spectra, we propose that the B-doped 
Ti02 is comprised of interstitially doped tri-coordinated boron (B^^). The reduction 
in grain growth is mainly attributed to the interstitially situated boron that prevents 
the contact and fusion of TiO: grains and the nanopores that prevent the aggregation 
of particles. 
The B-doped TiO? exhibits higher photocatalytic activity than pure TiO� . We 
conclude that the higher photocatalytic activity is due to its extended bandgap 
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In this thesis, two aspects of the Ti02 photocatalysis were studied, i.e. the 
preparation of visible light TiCb photocatalysts (Chapter Two) and the enhancement 
of photocatalytic activity of TiO� under UV irradiation (Chapter Three). 
Chapter Two reported the nitrogen doping of Ti02 using urea as nitrogen source. 
Urea not only acted as a nitrogen source, but also enhanced the surface area of TiOa 
due to its bonding with titanium precursor that inhibited the hydrolysis stage and the 
liberation of ammonia gas that induced pore formation. 
Chapter Three demonstrated the doping of Ti02 with boron. Boron was doped at 
interstitial sites of TiO: lattice to form of B^^. The doping of boron increased the 
photocatalytic activity of Ti02 by retarding anatase crystal growth, hence smaller 
particles size with higher surface area was obtained. 
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